Strongyloides spp., gastrointestinal nematode parasites of humans and other animals, have genetically identical parasitic and free-living adult life cycle stages. This is an almost unique feature amongst nematodes and comparison of these two stages can provide insights into the genetic basis and evolution of Strongyloides nematode parasitism. Here, we present RNAseq data for S. venezuelensis, a parasite of rodents, and identify genes that are differentially expressed in parasitic and free-living life cycle stages. Comparison of these data with analogous RNAseq data for three other Strongyloides spp., has identified key protein-coding gene families with a putative role in parasitism including WAGO-like Argonautes (at the genus level) and speckle-type POZ-like coding genes (S. venezuelensis-S. papillosus phylogenetic subclade level). Diverse gene families are uniquely upregulated in the parasitic stage of all four Strongyloides species, including a distinct upregulation of genes encoding cytochrome P450 in S. venezuelensis, suggesting some diversification of the molecular tools used in the parasitic life cycle stage among individual species. Together, our results identify key gene families with a putative role in Strongyloides parasitism or features of the parasitic life cycle stage, and deepen our understanding of parasitism evolution among Strongyloides species.
Results
Distinct sets of genes are differentially expressed in the parasitic and free-living adult females of Strongyloides spp. In total, 1257 and 969 genes were upregulated in the FLF and PF stages of the S. venezuelensis life cycle, respectively ( Fig. 1 , Supplementary Table S1 ). We compared these data to the genes that are differentially expressed across the analogous life cycle stages in three other Strongyloides species: S. papillosus (for consistency in data analysis we have reanalysed the raw RNAseq data published by Baskaran et al. 11 ) ( Supplementary Table S2 ), and analysed RNAseq data we have previously published for S. ratti and S. stercoralis transcriptomes 3 . The proportion of genes differentially expressed between the PF and FLF stages for all four species ranged between 10-18%, however, the absolute number of differentially expressed genes were similar for three species -S. venezuelensis, S. stercoralis and S. ratti (2297-2379) and lower for S. papillosus (1761 genes) ( Fig. 1A, Supplementary Fig. S1 ).
Across all four Strongyloides species, the differentially expressed genes belong to 3479 orthologue families ('orthofamilies' , as defined by Hunt et al. 3 ), and among them 58 and 105 orthofamilies were commonly upregulated in all four species at the PF and FLF stages, respectively ( Supplementary Fig. S2a ). Differentially expressed genes were further classified into 'gene families' based on the predicted function of the protein they encode 3 ( Supplementary Tables 3-6) .
Genes from 29 gene families were commonly upregulated in the PF of all four species, and include families previously identified as having a putative role in parasitism such as acetylcholinesterase, astacin-like metalloendopeptidase ('astacins'), SCP/TAPS, prolyl endopeptidase, transthyretin-like and trypsin inhibitors 3, 4 (Fig. 1 , Supplementary Table S3 ). The astacins and SCP/TAPS-coding genes dominate the upregulated transcriptome of the PF (cf. FLF transcriptome) in S. ratti, S. stercoralis 3 and S. papillosus 11 . In S. venezuelensis, astacin-coding genes were also the most commonly upregulated family in the PF transcriptome. However, only 2 SCP/TAPS-coding genes (of 159 SCP/TAPS-coding genes in the genome) were detected as upregulated in the S. venezuelensis PF transcriptome compared with 63, 64 and 102 genes (of 89, 113 and 205 SCP/TAPS-coding genes in the genome) in the PF transcriptome of S. ratti, S. stercoralis and S. papillosus, respectively. Overall, the expression levels of S. venezuelensis SCP/TAPS-coding genes were higher in PFs than for FLFs but genes in both life cycle stages had low read numbers ( Supplementary Table S7 ). Interestingly, transcriptome analysis of six S. venezuelensis life cycle stages show that expression levels of SCP/TAPS-coding genes are higher at the life cycle stages inside the host i.e. the third stage larvae in the lungs (lL3), young parasitic females (yPF) and gravid parasitic females (gPF), compared with life cycle stages external to the host i.e. eggs, first/second stage larvae (L1/2) and free-living infective larvae stages (iL3) ( Supplementary Fig. S3 ). This suggests that SCP/TAPS are important at the larval and adult stages of parasitism inside the host.
A wider range of gene families were upregulated in the FLF transcriptome, including 57 gene families, belonging to 105 orthofamilies, commonly upregulated by FLFs of all four Strongyloides species ( Supplementary  Table S5 , Supplementary Fig. S2b ). In general, FLF-upregulated gene families comprised fewer genes compared with the gene families upregulated across all four PF transcriptomes ( Fig. 1 ). This pattern is akin to previous observations we have reported for S. ratti and S. stercoralis FLF and PF transcriptomes 3 , and indicates the importance of a smaller number of key gene families involved in the parasitic, compared to free-living adult life cycle stage. In some cases, distinct subsets of genes from the same gene families were differentially upregulated across both PF and FLF transcriptomes. For example, genes from ShKT domain-containing proteins, SCP/TAPS, astacins and protein-tyrosine phosphatase gene families were upregulated in both the PF and FLF transcriptomes of all four Strongyloides species ( Fig. 1 ), suggesting that some gene families have different roles at different life cycle stages.
GO analysis of S. venezuelensis data revealed 20 Molecular function (MF), 10 Biological Processes (BP) and 6 Cellular components (CC) GO terms were enriched amongst genes upregulated in the PF stage ( Fig. 2 , Supplementary Fig. S4 ) and 21 (MF), 55 (BP), 12 (CC) are enriched for upregulated genes in the FLF stage ( Supplementary Fig. S4 ). The overrepresented GO terms of PF and FLF S. venezuelensis were compared with overrepresented GO terms of S. ratti, S. stercoralis 3 and S. papillosus PF and FLF to identify commonalities and differences between these four Strongyloides species (Supplementary Tables S8-S13). Ten MF GO terms, mostly relating to peptidase activity including metallopeptidase (GO:0004222, GO:0008237), and endopeptidase (GO:0004175) activity were commonly overrepresented in the transcriptome of PF from all four species, highlighting the importance of peptidase activity in Strongyloides parasitism. Cholinesterase (GO:0004104) activity is also enriched in the PF stage, supporting previous observations that cholinesterases have a putative role in Strongyloides parasitism 4 ( Supplementary Table S3 , Supplementary Fig. S4 ).
Worm-specific Argonautes (WAGO)-like have a putative role in the Strongyloides parasitic stage. Between one and six genes encoding Argonaute proteins were upregulated in the PF of all four
Strongyloides species. Phylogenetic analysis of Argonautes for the four Strongyloides spp., two closely related species, P. trichosuri and Rhabditophanes sp., and eight outgroups species spanning four further evolutionary clades revealed that a group of Argonautes comprising genes upregulated in the PF of all four species, were most closely related to the cytoplasmic WAGO family of Argonautes (C. elegans WAGO-1-5) ( Fig. 3, Supplementary Fig. S5 ). In C. elegans, WAGOs bind to secondary siRNAs and have a role in amplifying the RNAi signal in the ERGO-1, ALG-3/4 and PIWI pathways, which are typically active in the germline 12, 13 . Both the PF and FLF samples analysed here carry eggs and differences in gene expression levels could be associated with the germline cells. To further elucidate the expression pattern of cytoplasmic WAGO-like coding genes we examined the expression level of the WAGO-like coding gene (SVE_0524300.1) upregulated in the PF stage of S. venezuelensis, across several further life cycle stages including eggs, larval stages, young parasitic adult (i.e. that do not carry eggs) and gravid parasitic adult stages of S. venezuelensis (Fig. 4 ). WAGO-like gene expression was greater in gravid PF, compared to young PF and early life cycle stages including eggs and larval stages. From this we can conclude that the S. venezuelensis WAGO-like Argonaute gene is upregulated in either the (i) PF, specifically at the mature, gravid stage or (ii) matured ovaries or eggs when inside, compared with outside, of the PF.
It is also interesting to note that Strongyloides nematodes possess families of Argonautes similar to those of the C. elegans families, including ERGO-1, ALG-3/4 and ALG-1/2 (microRNA pathway) ( Fig. 3 ). However, the Argonautes most similar to the CSR-1 Argonaute appear to have diversified, and Strongyloides Argonautes closely related to nuclear WAGOs were absent. The phylogeny confirms previous findings that Argonautes PRG-1/2 (involved in the PIWI pathway) are absent for nematodes outside of phylogenetic nematode clade V to which C. elegans belongs 14 , including Strongyloides species 15 (Fig. 3 ).
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The expanded speckle-type POZ-like gene family is upregulated in parasitic females of the S. venezuelensis-S. papillosus, but not S. ratti-S. stercoralis Strongyloides subclade. In S. venezuelensis, 31 genes encoding speckle-type POZ protein-like (SPOP-like) proteins, were upregulated in PF compared with FLF ( Fig. 1 , Supplementary Table S1 ). In S. papillosus, from the same phylogenetic subclade, 13 SPOP-like genes were upregulated in the PF (cf. FLF). In comparison, no genes encoding SPOP-like were differentially expressed between PF and FLF for S. ratti and S. stercoralis. This suggests that the SPOP-like protein family has a role in parasitism or another feature associated with PF biology for the S. venezuelensis-S. papillosus subclade, but not the S. ratti-S. stercoralis subclade of Strongyloides nematodes. The SPOP-like family is greatly expanded in S. venezuelensis (48 genes) and S. papillosus (61 genes), compared to other nematodes including other Strongyloides and Parastrongyloides species, which possess between 0-2 SPOP-like encoding genes in their genomes 3 . The SPOP proteins are components of the cullin-RING-based BCR (BTB-CUL3-RBX1) E3 ubiquitin-protein ligase complex, commonly involved in proteasomal degradation of targeted proteins in the ubiquitin proteasome pathway (UPP). Interestingly, a greater number of genes encoding F-box proteins, which play a role in recruiting substrates to a core ubiquitin, are also upregulated in the PF of S. venezuelensis (10 genes) and S. papillosus (13 genes), than those upregulated in the PF of S. ratti (two genes) and S stercoralis (four genes). Together these results suggest that ubiquitination is upregulated in the PF of S. venezuelensis and S. papillosus, compared with S. ratti and S. stercoralis.
Phylogenetic analysis of 120 SPOP-like protein sequences from 14 nematode species, including S. venezuelensis, S. papillosus, S. ratti and S. stercoralis show that the expanded SPOP-like gene family in S. venezuelensis and S. papillosus is distinct from the SPOP-like genes found in other nematodes ( Fig. 5, Supplementary Fig. S6 ). SPOP-like genes from the genomes of 12 nematodes, excluding S. venezuelensis and S. papillosus, formed a single cluster which also included two S. venezuelensis and two S. papillosus genes. All of the SPOP-like genes from this cluster were predicted to encode two protein domains -BTB/POZ (IPR000210), a conserved protein-protein interaction domain 16 , and a MATH/TRAF domain (IPR002083), involved in substrate recognition and binding 17 -except for the four S. venezuelensis and S. papillosus genes in this cluster which encoded either one or neither of these domains. Genes in this conserved cluster were expressed, but not differentially so, between the PF and FLF stages. In total, 23 S. venezuelensis and 38 S. papillosus SPOP-like encoding genes coded for both a BTB/POZ and a MATH/TRAF domain, including 17 and nine genes, respectively, that were upregulated in the PF. Twenty-nine and eleven of the 31 SPOP-like genes upregulated in the PF stage of S. venezuelensis and S. papillosus, respectively, formed a distinct phylogenetic cluster, supporting that the expansion of this cluster is important in S. venezuelensis parasitism (Fig. 5 ). Together the expression data and SPOP-like phylogeny suggest that the SPOP-like gene family have diversified and the proteins they could code for have possibly adapted novel functions in the S. venezuelensis-S. papillosus subclade compared to other nematodes species including S. ratti and S. stercoralis.
Genetic basis of host specialisation. A diverse range of gene families were uniquely upregulated in the PF of each of the four Strongyloides species, indicating some level of divergence between the molecular tool kits that each species uses in parasitism or other features associated with the parasitic life cycle stage. Between 25-305 gene families uniquely upregulated in the PF of one species, but not the other three species, were identified ( Supplementary Tables S3-S6 ). The largest number of gene families and genes they comprise, was identified for S. venezuelensis (327 upregulated genes in 305 gene families). Most strikingly, genes encoding cytochrome P450 proteins were distinctly upregulated in the PF transcriptome of S. venezuelensis. Specifically, seven genes (of 13 predicted in the genome) predicted to encode cytochrome P450 family 4 subfamily V member 2 (4V2) proteins and 12 genes (of 34 genes in the genome) encoding cytochrome P450 18a1 subfamily of proteins were upregulated in the S. venezuelensis PF transcriptome, but were not upregulated in the PF transcriptomes of S. papillosus, S. stercoralis, and S. ratti (with the exception of one cytochrome P450 18a1 gene, of 24 predicted in the genome, upregulated in the PF of S. papillosus). Cytochrome P450s are a superfamily of heme proteins. Enrichment of the Molecular Function GO terms for electron carrier activity (GO0009055), heme binding (GO:0020037) and iron ion binding (GO:005506) exclusively in the PF (cf. FLF) transcriptome of S. venezuelensis but not the PF of the three other Strongyloides species further support a unique role of cytochrome P450s in the S. venezuelensis PF stage (Fig. 2) .
Within the Strongyloides genus, closely related species have adapted and specialised to parasitise different host animals. Two species -S. venezuelensis and S. ratti -both infect rodents, including natural infection of brown rats 32 ), were used to construct a phylogeny. SPOP-like genes are highlighted for S. venezuelensis (red) and S. papillosus (blue); genes for all other species are shown in black. A gene cluster present in all 14 species is shown with a green background highlight (A). Genes upregulated in the transcriptome of the parasitic adult female, compared with the free-living adult female, are shown with background highlighting for S. venezuelensis and S. papillosus (pink background (B), excluding genes shown with a white spot). Scale bar represents average amino acid substitutions per site. *Represents branch support values greater than 70, for 100 bootstraps. Gene names for all genes used to build this phylogenetic tree are shown in Supplementary Fig. S6 .
Scientific RePoRTs | (2018) 8:5192 | DOI:10.1038/s41598-018-23514-z (Rattus norvegicus) and experimental infection of mice under laboratory conditions. S. venezuelensis and S. ratti belong to different phylogenetic subclades and are likely to have evolved parasitism of rats independently 18 . Genes upregulated in the PF of S. venezuelensis and S. ratti, but not S. papillosus and S. stercoralis may therefore represent gene families that are specifically important for infecting rodent hosts e.g. genes coding for proteins with a role in avoiding or manipulating the rodent immune response. Interestingly, from our comparative analysis of the PF and FLF transcriptomes of all four Strongyloides species, we found a small number of gene families that were specifically upregulated in the Strongyloides rodent-parasites ( Supplementary Table S14 ). In total, we identified 29 gene families comprising 32-34 genes upregulated in S. venezuelensis and S. ratti PF (cf. FLF), but not upregulated in the PF of S. papillosus and S. stercoralis, with each gene family comprising 1-3 upregulated genes per species. Based on previous analyses, most of these genes formed orthofamilies with genes from S. papillosus and S. stercoralis 3 i.e. where orthologous genes were not differentially expressed between the PF and FLF stages. In S. venezuelensis and S. ratti, the fold change difference in expression levels between PF and FLF stages, although significant, was relatively low (S. venezuelensis: 3.03 ± 0.25, S. ratti: 2.50 ± 0.10). It is therefore possible that the gene families commonly upregulated in S. venezuelensis and S. ratti (but not S. papillosus and S. stercoralis) may represent sampling differences rather than true features of the PF transcriptome associated with Strongyloides rodent parasitism. To include gene families that may not be recognised or have a predicted function, we compared the orthofamilies (from Hunt et al. 3 ) that were uniquely upregulated in the PF (cf. FLF) in pairwise species combinations. The number of orthofamilies uniquely upregulated in one species compared to the three other species ranged between 165-459 in PF and 146-529 in FLF ( Supplementary Fig. S2 ). Species within each subclade were most similar to one another, with 60 orthofamilies specifically upregulated in the S. venezuelensis-S. papillosus subclade and 96 orthofamilies specifically upregulated in the S. stercoralis-S. ratti subclade. However, of the other pairwise species comparisons, S. venezulensis and S. ratti shared 50 orthofamiles upregulated in the PF, more than other pairwise comparisons (excluding subclade species pairs) which ranged between 9 and 39 orthofamilies. This suggests that the S. venezulensis and S. ratti PF transcriptomes are more similar to one another, outside of evolutionary subclades, and this may represent their ability to parasitise a common rodent host.
Discussion
Comparative analysis of the transcriptomes of four Strongyloides species has identified key gene families with a putative role in parasitism by Strongyloides species, including gene families likely to have a role in parasitism at the genus (e.g. WAGO-like), subclade (e.g. SPOP-like), and species (e.g. cytochrome p450) level. In particular, this study has identified WAGO-like Argonautes associated with a parasitic (compared to free-living) life cycle stage. Studies on the small RNAs pathways associated with a role in nematode parasitism have predominantly focused on the microRNA pathway 19 , which is not mediated by WAGOs. The WAGO-like coding genes upregulated in Strongyloides PF may therefore represent another pathway involved in parasitism, for example, involving the secretion of WAGO-mediated small RNAs into the host to manipulate host genes expression. Alternatively, this expression pattern could be due to an upregulation of WAGO-like Argonautes in the matured ovaries or eggs of gravid parasitic, compared with eggs that have been released and the matured ovaries and eggs inside free-living adult females. Little is known about differences that exist between the eggs inside parasitic versus free-living females. In the Strongyloides life cycle, PF reproduce by mitotic parthenogenesis and FLF reproduce sexually 1, 20 and the differential expression of the WAGO-like Argonaute may therefore be associated with a role in parthenogenic reproduction.
The comparison of transcriptomic data for four Strongyloides species presented here enables inferences to be made about the divergent evolution of parasitism of two distinct phylogenetic Strongyloides subclades (S. venezuelensis-S. papillosus and S. ratti-S. stercoralis). Upregulation of genes in the PF that are related to ubiquitation (i.e. SPOP-like and F-box-coding genes), coupled with an expansion of the SPOP-like gene family specifically in S. venezuelensis and S. papillosus suggests a putative role of the Ubiquitation Proteasome Pathway (UPP) in parasitism or features associated with the parasitic life cycle stage in this subclade. However, because the UPP is central to the regulation of many diverse cellular processes 21 , the exact role, if any, of UPP in parasitism or features associated with the parasitic life cycle stage of the S. venezuelensis-S. papillosus subclade is not clear and remains to be investigated.
Strongyloides species share many similarities across their life cycle, for example, they all have a parasitic stage inhabiting the mucosa of the small intestine of their host and a free-living stage outside of the host. All known Strongyloides species parasitise tetrapod (mainly mammalians) hosts, but the hosts vary between Strongyloides species. We have identified genes coding for protein families that are uniquely upregulated in the PF of each species, which may represent adaptation to parasitising distinctly different hosts. It should also be noted that data for S. venezuelensis and S. ratti used in this analysis are from PFs raised in their natural rodent host, compared to S. papillosus and S. stercoralis PFs which were raised in permissive hosts (rabbits and gerbils, respectively). It is therefore possible that genes upregulated in the PF of S. papillosus and S. stercoralis may also represent a host-parasite interaction that has not co-evolved outside of laboratory conditions. Although S. venezuelensis and S. ratti both parasitise rodent hosts we found few gene families that are specifically upregulated in the PF of these two species, but not S. papillosus and S. stercoralis. Together, this suggests that S. venezuelensis and S. ratti have either evolved different molecular strategies to parasitise their rodent hosts, (represented by gene families that are uniquely upregulated in their respective PF transcriptomes) or they use similar genes and the proteins to infect rodents, but these are regulated at the post-transcriptional or post-translational level. Together, our results identify key gene families with a putative role in Strongyloides parasitism or features of the parasitic life cycle stage, and deepen our understanding of parasitism evolution among Strongyloides species.
Scientific RePoRTs | (2018) 8:5192 | DOI:10.1038/s41598-018-23514-z Methods Collection of S. venezuelensis samples and RNAseq. S. venezuelensis HH1 is used in this study, which have been maintained in the Parasitology laboratory at the University of Miyazaki. In brief, S. venezuelensis have been maintained in male Wistar rats by serial infection using subcutaneous injection of infective larvae prepared by faecal culture using filter paper 9 . Parasitic females were isolated from rat small intestine at 8 days post-infection (d.p.i). Faeces (approx. 1 g) collected from infected rats at 12 d.p.i were cultured on a 2% (w/v) agar plate at 25 °C for 3 days and FLF nematodes were collected. Twenty PF or 8-16 FLF were transferred to individual tubes containing 150 µL TRI reagent (Life Technology) and total RNA was extracted according to the standard procedures (Life Technology). RNA was then amplified using the SMARter Ultra Low amplification kit (Clontech) and sequencing libraries were constructed using the TruSeq Sample Prep kit according to the manufacturer's recommended protocols (Illumina). The libraries were sequenced for 151-bp paired-ends on an Illumina MiSeq sequencer with MiSeq Reagent Kit v2 (300 cycles) using the standard protocol (Illumina) to obtain >15 million pair-end reads for each sample. RNAseq experiments were conducted in triplicate (biologically). Reads have been submitted to the DNA Data Bank of Japan (DDBJ) under BioSample accession numbers SAMD00096905-SAMD00096910.
All the animal experiments were performed in accordance with the procedures approved by the Animal Experiment Committee of the University of Miyazaki under an approval no. 2009-506-6.
